Ϫ/Ϫ NMJs, our findings suggest that synaptobrevin-based SNARE complexes play a critical role in conferring Ca 2ϩ sensitivity during spontaneous release.
Introduction
Neurotransmitters mediate neuronal communication when they are released from presynaptic vesicles at the chemical synapse.
Their release may be evoked (i.e., triggered by the propagation of action potentials [APs] invading the presynaptic nerve terminal) or spontaneous (i.e., occurring independent of APs) (Barrett and Stevens, 1972; Goda and Stevens, 1994; Kaeser and Regehr, 2014; Schneggenburger and Rosenmund, 2015) . Emerging evidence suggests that the mechanisms underlying the evoked and spontaneous release of neurotransmitters are differentially regulated. For example: (1) the evoked and spontaneous release of neurotransmitters uses separate pools of vesicles (Sara et al., 2005; Fredj and Burrone, 2009; Kavalali et al., 2011) and is independently regulated at active zones (Melom et al., 2013) ; (2) neurotransmitters are released spontaneously from the growth cones of embryonic neurons (Hume et al., 1983; Young and Poo, 1983) , implicating a role in nerve growth and axon guidance as membrane is added to the tip of the growth cone (Futerman and Banker, 1996) ; (3) spontaneous release is selectively affected by certain pharmacological regents, such as mefloquine, a drug that is widely used for the treatment of malaria (McArdle et al., 2006) ; (4) spontaneous release has been implicated in the regulation of dendritic protein synthesis (Sutton et al., 2004) , synapse maturation and function (Sutton et al., 2006; Choi et al., 2014) , and homeostatic synaptic plasticity (Turrigiano, 2012) ; and (5) certain domains in the syntaxin-1, a neuronal component of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, participate in evoked neurotransmission but not in spontaneous neurotransmission (Zhou et al., 2013) .
The mechanisms underlying evoked neurotransmission have been fairly well defined (Südhof, 2013a) , but those regulating spontaneous neurotransmission remain less clear. Both require the fusion of synaptic vesicles (SVs) with the presynaptic membrane, which leads to exocytosis and consequent release of neurotransmitters into the synaptic cleft. This fusion is driven by the formation of SNARE complexes composed of the vesicular (v)-SNARE synaptobrevin/vesicle-associated membrane protein (VAMP) in the vesicular compartment, the target (t)-SNARE synaptosomal-associated protein-25 (Snap-25) and syntaxin-1 in the presynaptic membrane, and their interactions with Sec1/ Munc-18-like (SM) protein Munc18 -1 and with Munc-13 (for review, see Jahn and Scheller, 2006; Südhof and Rothman, 2009; Jahn and Fasshauer, 2012; Rizo and Südhof, 2012; Südhof, 2013b; Brunger et al., 2018) . Evoked release also requires an influx of Ca 2ϩ (Dodge and Rahamimoff, 1967; Llinás et al., 1981; Augustine et al., 1987) , which binds to synaptotagmins (Syt) to trigger fusion (Südhof, 2013a; Rizo and Xu, 2015; Brunger et al., 2018) . By contrast, spontaneous neurotransmission may occur with or without Ca 2ϩ (for review, see Schneggenburger and Rosenmund, 2015) . This raises a number of questions: (1) How do the mechanisms that drive Ca 2ϩ -independent versus Ca 2ϩ -dependent spontaneous neurotransmission differ from each other? (2) Does Ca 2ϩ -independent spontaneous release occur in the same SV pools as those in which Ca 2ϩ -sensitive spontaneous release occurs? (3) How is Ca 2ϩ sensitivity conferred during spontaneous release?
The major neuronal synaptobrevin proteins, synaptobrevin-1 (Syb1) and synaptobrevin-2 (Syb2), are expressed abundantly during the development of the nervous system (Hepp and Langley, 2001 ). We have previously demonstrated that Syb1 plays a crucial role in Ca 2ϩ -triggered neurotransmission at the neuromuscular synapse : this study was performed using Syb1 mutant mice resulted from a spontaneous mutation that causes a premature stop codon and Syb1 null (Syb1 lew/lew ) (Nystuen et al., 2007) . However, the other major neuronal synaptobrevin isoform Syb2 was also expressed at the neuromuscular junction (NMJ) in Syb1 lew/lew mice . This finding raises the possibility that a deficiency in Syb1 may have been compensated by the presence of Syb2. In the present study, we examined mutant mice deficient in Syb2 and in those deficient in both Syb1 and Syb2. We found that a deficiency in either Syb2 (Syb2 Ϫ/Ϫ ) or both Syb1 and Syb2 (Syb1 lew/lew Syb2 Ϫ/Ϫ ) can lead to a marked increase in intramuscular nerve branching and precocious maturation of the NMJ during development. More importantly, in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs, evoked synaptic transmission was completely abolished, whereas spontaneous synaptic transmission was increased significantly in terms of both frequency and amplitude. Moreover, spontaneous release in Syb1 lew/lew
Syb2
Ϫ/Ϫ NMJs was insensitive to Ca 2ϩ . These findings suggest that synaptobrevin plays an important role in conferring the Ca 2ϩ sensitivity during spontaneous release.
Materials and Methods
Mice. Mutant mice deficient in VAMP1/Syb1 were obtained from the The Jackson Laboratory. These mutant mice [RRID:IMSR_JAX:004626, C3H/HeSnJ-Vamp1 lew /GrsrJ, lethal wasting (lew), MGI: 2449158; J:81354] (Harris et al., 2003) arose spontaneously as a result of a G190T transversion that resulted in a premature stop codon. The resultant homozygous lew mutant mice (Vamp1/Syb1 lew/lew , thereafter as Syb1 lew/lew ) are Syb1 nulls (Nystuen et al., 2007; Liu et al., 2011) . Mice deficient in Syb2 (Syb2 Ϫ/Ϫ ) (MGI: 2179745) were generated through targeted homologous recombination, as described previously (Schoch et al., 2001) . Mice deficient in both Syb1 and Syb2 (Syb1 lew/lew Syb2 Ϫ/Ϫ ) had to be generated using a two-stage breeding scheme because neither Syb1 lew/lew nor Syb2 Ϫ/Ϫ mice are viable: Syb1 lew/lew mice usually die within 2 weeks after birth (Nystuen et al., 2007; Liu et al., 2011) , and Syb2 Ϫ/Ϫ mice die at birth (Schoch et al., 2001) . We generated Syb1 
Syb2
Ϫ/Ϫ (Table 1) . Morphologic and electrophysiologic findings in these NMJs were indistinguishable among the Syb1
ϩ/lew Syb2 ϩ/ϩ , and Syb1 ϩ/ϩ Syb2 ϩ/Ϫ embryos; for this reason, they were pooled together to serve as controls. All experimental protocols followed National Institutes of Health guidelines for the ethical treatment of animals and were approved by the University of Texas Southwestern Institutional Animal Care and Use Committee.
Immunofluorescence staining. The NMJs underwent immunofluorescence staining using procedures described previously (Liu et al., 2008; Chen et al., 2011) . Briefly, embryonic diaphragm muscles (E18.5) were dissected and fixed in 2% PFA in a 0.1 M phosphate buffer, pH 7.3. After several washes, the muscles were incubated with Texas red-conjugated ␣-bungarotoxin (␣-bgt) (2 nM, Invitrogen) for 30 min to label the AChRs. To determine the expression of SNARE proteins at the NMJ, frozen sections were made from diaphragm muscles (E18.5) and labeled with anti-Syb1 (rabbit polyclonal, P938, 1:500) or anti-Syb2 (rabbit polyclonal, P939, 1:1000) , anti-VAMP4 (Synaptic Systems, catalog #136002, RRID:AB_887816, 1:500), anti-VAMP7 (Abcam, cata- 
Ϫ/Ϫ and Syb1
. The expected numbers were calculated from Mendelian ratios of 9:3:3:1. log #ab36195, RRID:AB_2212928, 1:3000), and anti-Vti1a (BD Bioscience, catalog #611220, RRID:AB_398752, 1:500) antibodies. To determine whether Syb1 and Syb2 were coexpressed at the same NMJ, diaphragm muscle sections were labeled with anti-Syb1 (rabbit polyclonal, P938, 1:500) and anti-Syb2 (mouse monoclonal, CL69.1, 1:3000) (Schoch et al., 2001 ). To visualize developing nerves and nerve terminals, we labeled whole-mount diaphragm muscles with a mixture of antineurofilament (Millipore Bioscience Research Reagents, catalog #AB1981, RRID:AB_10013484, 1:1000) and anti-synaptotagmin2 (Syt2, 1:1000) antibodies (Pang et al., 2006b ), then applied FITC-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, catalog #111-095-144, RRID:AB_2337978). Images were acquired using a Laser Scanning Quantification of nerve branching. To quantify nerve branching, we used the method as described previously (Kaplan et al., 2018) . First, confocal images were obtained from the same regions of diaphragm muscles (dorsal right quadrant). Seven vertical lines were drawn perpendicular to the long axis of muscle fibers, starting from the first at the center of the endplate band, then extending 300 m to the left and 300 m to the right, at 100 m intervals. Then, the numbers of intersections between nerve branches and vertical lines were manually counted, and the values were normalized to the intersection numbers at the middle line.
Quantification of endplate on teased single muscle fibers. Whole-mount diaphragm muscles (E18.5) were dissected in PBS and incubated in 0.2% collagenase II (Worthington Biochemical) in DMEM for 45 min. After collagenase incubation, the diaphragm muscles were fixed in 1% PFA (30 min) and then labeled with FITC-conjugated ␣-bgt (FITC-␣-bgt, 2 nM, 30 min). After a brief wash in PBS, the diaphragm muscles were labeled with Texas red-conjugated phalloidin (1:100 in 0.1 M phosphate buffer, 0.01% saponin) overnight at 4°C, followed by a brief wash in PBS. Next, the diaphragm muscles were transferred onto a glass slide in a drop of antifade mountain medium. Under a dissecting microscope, the diaphragm muscles were manually teased using fine needles. The teased muscle fibers were then covered with coverslip and examined under microscope. Images with single muscle fibers were acquired using Laser Scanning Microscope 510 confocal microscope (Carl Zeiss), and the number of AChR patches on each muscle fibers were counted and quantified.
Western blot. Spinal cord tissues (E18.5 and P14, either sex) were homogenized, separated by SDS-PAGE, and transferred to a nitrocellulose membrane. The membrane was then probed with polyclonal antibodies against Syb1 (P938, 1:500) or Syb2 (P441, 1:1000), and monoclonal antibodies against ␣-tubulin (Sigma-Aldrich, catalog #T9026, RRID: AB_477593, 1:1000), which serve as a loading control. Then the membrane was incubated with peroxidase-conjugated goat antirabbit or anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories, catalog #111-035-003, RRID:AB_2313567, catalog #115-035-003, RRID:AB_10015289, 1:10,000), followed by enhanced chemiluminescence and imaged with Bio-Rad ChemiDoc MP Imaging System.
Electrophysiology. Electrophysiological recordings were performed in embryonic diaphragm muscles (E18.5) with the phrenic nerves attached to the muscle, using the procedures described previously (Liu et al., 2008 . Briefly, glass microelectrodes (resistance 20 -40 M⍀) filled with 2 M potassium citrate and 10 mM potassium chloride were used to make intracellular recordings in postsynaptic muscle cells. Changes in membrane potentials were measured using an intracellular amplifier (AxoClamp-2B), digitized with Digidata 1332 (Molecular Devices), and analyzed using pClamp software (pClamp, RRID:SCR_011323). Evoked endplate potentials (EPPs) were triggered by applying suprathreshold electrical stimulation to the phrenic nerve (2-5 V, 0.1 ms) through a suction electrode. Recordings were performed at room temperature in normal Ringer's solution according to Liley (1956a,b) : 136.8 mM NaCl, 5 mM KCl, 12 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 1 mM MgCl 2 , 2 mM CaCl 2 , and 11 mM D-glucose, with an osmolality at 300 mOsm and a pH of 7.3. Ringer's solutions containing one of three concentrations of Ca 2ϩ (1, 2, and 4 mM) were prepared by adjusting the concentration of CaCl 2 to 1, 2, and 4 mM, respectively; a Ca 2ϩ -free Ringer's solution was prepared by omitting CaCl 2 and adding 1 mM EGTA to remove any residual Ca 2ϩ . The nerve-muscle preparations were equilibrated in the Ca 2ϩ -free Ringer's solution for 60 min before recording.
Electron microscopy. Embryonic diaphragm muscles were processed for electron microscopy using procedures described previously (Chen et al., 2011; Liu et al., 2011) . Briefly, rib cages were fixed overnight at 4°C in a mixture of fixatives containing 1% glutaraldehyde and 4% PFA in 0.1 M phosphate buffer, pH 7.4. The samples were then rinsed with 0.1 M phosphate buffer, pH 7.4. The diaphragm muscles with both phrenic nerves attached were then dissected, trimmed to small pieces, and postfixed with 1% osmium tetroxide for 3 h, on ice. The tissues were then dehydrated in a graded series of ethanol, infiltrated, and embedded in Epon 812 (Poly/Bed 812 Embedding Kit, with DMP-30, Ted Pella). Ultrathin sections (70 nm) were prepared, mounted on Formvar-coated grids, and then stained with uranyl acetate and lead citrate. Electron microscopy images were acquired using a Tecnai electron microscope operated at 120 kV.
A total of 129 nerve terminals from Syb1 lew/lew Syb2 Ϫ/Ϫ mutant mouse embryos (E18.5, N ϭ 4 embryos of either sex) and 131 nerve terminals from control embryos (E18.5, N ϭ 5 embryos of either sex) underwent morphometric analysis. The control embryos included 2 Syb1
ϩ/ϩ and 3 Syb1
ϩ/ϩ that were littermates of the Syb1 lew/lew Syb2 Ϫ/Ϫ mutants (collected from 3 litters). The following measurements were made from each presynaptic nerve terminal profile, according to previously defined criteria (Kelly and Zacks, 1969) : nerve terminal area, nerve terminal perimeter length, and synaptic contact length. Synaptic contact length was defined as the length of presynaptic membrane opposed to the postsynaptic membrane. The synaptic contact proportion was the synaptic contact length expressed as a percentage of terminal perimeters. SVs were defined as a clear vesicle with a diameter of 40 -50 nm, and dense core vesicle (DCV) was defined as a larger vesicle (diameter: 60 -80 nm) containing a dense core. Individual SVs were counted manually in each nerve terminal to obtain a total SV number. SV density was calculated as total SV number per nerve terminal area. An active zone was defined as the specific site on the presynaptic plasma membrane in which SVs were clustered and included at least one docked SV (abutting the plasma membrane). When SV clustering was observed along the terminal plasma membrane that was not facing the postsynaptic side, it was considered as an ectopic SV cluster. Other membranous subcellular structures were counted per nerve terminal. These included multilamellar bodies, which contained a membrane lamellar structure; multivesicular bodies, which contained multiple small internal vesicles; vacuole-like structures, defined as clear, membrane-limited organelles larger than a DCV (typically Ͼ100 nm in diameter) that included objects of various (round to irregular) shapes; and tubular structures-thin, membranelimited organelles ϳ30 nm in diameter and Ͼ100 nm in length. A twotailed t test was applied to evaluate statistical differences between mutants and controls. Statistical analysis. Data were presented as mean Ϯ SEM. Paired Student's t test was performed to determine statistical difference in nerve branching between control and mutant diaphragm muscles.
2 test was used for mouse embryo survival analyses (Table 1) . Kolmogorov-Smirnov test was used to analyze cumulative probabilities of miniature EPP (mEPP) frequency, amplitude, and rise time. Two-tailed Student's t test was used to determine statistical differences between mutant and control groups. A p value of Ͻ0.05 is considered to be statistically significant.
In addition, a 2 Goodness of Fit test was used to determine whether the distribution of mEPP frequency fits Poisson distribution. Specifically, the expected probability was calculated using Poisson function. Then 2 test was used to determine the difference between observed probability and expected probability. The distribution of mEPP is considered to fit a Poisson distribution if p value by 2 test is Ͼ0.05.
Results

Synaptobrevin deficiency leads to an increase in nerve branching and synaptogenesis
To determine the role of Syb1/Syb2 in the formation and function of the NMJ, we generated mutant mice deficient in both Syb1 and Syb2 (Syb1
Syb2 ϩ/Ϫ double-heterozygous mice. Consistent with our previous observation that both Syb1 and Syb2 are expressed at the NMJs in juvenile mice , immunofluorescence staining using Syb1 or Syb2 specific antibodies revealed that both Syb1 and Syb2 were abundantly expressed at motor nerve terminals in WT embryos ( 
Syb2
Ϫ/Ϫ embryos (Fig. 1B) . In contrast, other SNARE proteins, including VAMP4, Vti1a, and VAMP7, were either not present or barely detected at the NMJs in either WT (Fig. 1A) 
Ϫ/Ϫ embryos (Fig. 1B) . Triple-labeling with AlexaFluor-647-conjugated ␣-bgt, anti-Syb1(rabbit polyclonal), and antiSyb2 (mouse monoclonal) antibodies showed that Syb1 and Syb2 were coexpressed at the NMJ in the WT muscle (E18.5; Fig. 1C ). Western blot analyses of spinal cord homogenates showed that Syb1 expression is markedly increased at P14, compared with that at E18.5 (Fig. 1D) .
To assess the role of Syb1 and Syb2 in the NMJ, we stained whole-mount embryonic diaphragm muscles using a mixture of antibodies against neurofilament protein NF150 (anti-NF150) and antibodies against Syt2 (anti-Syt2) to label presynaptic nerves, and used Texas red-conjugated ␣-bgt to label postsynaptic AChRs. Strikingly, Syb2 deficiency led to excessive nerve branching in developing diaphragm muscles as early as E14.5 (Fig. 2 A, B) . In WT embryos, intramuscular nerves were confined to a narrow band along the central region of the diaphragm muscle ( Fig. 2A, left) . In contrast, in Syb2 Ϫ/Ϫ embryos, intramuscular nerve branches extended to a broad region of the diaphragm muscle ( Fig. 2A, right) . This expansion of innervation territory and increase in nerve branching were also evident at E18.5 (Fig. 2C,D) , suggesting that the increases in innervation persisted throughout the stages during NMJ formation.
The labeling of diaphragm muscles with ␣-bgt revealed that AChR clusters were confined to a narrow band (endplate band, Fig. 3A, dashed lines) along the central regions of the muscle in both control and Syb1 lew/lew mice (Fig. 3A) . The endplate bands were markedly broader in Syb2 Ϫ/Ϫ (Fig. 3A,C) and Syb1 lew/lew Syb2 Ϫ/Ϫ mice (Fig. 3 A, C) , compared with control. Associated with an expansion of the endplate band, the number of individual endplates was markedly increased in both Syb2 Ϫ/Ϫ and Syb1 lew/lew Syb2 Ϫ/Ϫ mice, compared with control (Fig. 3D) . Furthermore, the number of AChR clusters per muscle fiber was markedly increased in Syb1 lew/lew Syb2 Ϫ/Ϫ mice compared with control. This was measured by counting AChR cluster numbers from teased single muscle fibers in E18.5 diaphragm muscles in both control and Syb1 lew/lew Syb2 Ϫ/Ϫ mice (Fig. 4) . We isolated a total of 1372 muscle fibers from control (N ϭ 3 mice) and 1498 muscle fibers from Syb1 lew/lew Syb2 Ϫ/Ϫ mice (N ϭ 3 mice). The majority of these muscle fibers contained a single AChR cluster (AChR patch), and the rest of the muscle fibers carried 2 clusters (Fig. 4 A, B) . However, the proportion of muscle fibers that carry 2 clusters was significantly increased in Syb1 lew/lew Syb2 Ϫ/Ϫ mice compared with control ( Fig. 4C) .
High-power views of individual NMJs obtained from controls and Syb1 lew/lew , Syb2 Ϫ/Ϫ , and Syb1 lew/lew Syb2 Ϫ/Ϫ mice showed that all of the AChR clusters lay adjacent to nerve terminals, indicating that the NMJs were established in both control and mutant mice (Fig. 3B ). Notable differences between control and mutant NMJs were nonetheless observed. The majority of the endplates in control mice appeared ovoid in shape (Fig. 3B) , and the majority of endplates in mice lacking both Syb1 and Syb2 were larger than in the controls (Fig. 3F ) . The latter were also perforated (Fig. 3 B, E, arrowheads) , thus taking on characteristics that are normally not seen until after birth (Slater, 1982; Marques et al., 2000) . The appearance of these embryonic endplates (E18.5) thus suggests precocious NMJ maturation in the mutant mice.
Using electron microscopy, we found that the overall appearance of the NMJ was similar between controls and mutant (Syb1 lew/lew Syb2 Ϫ/Ϫ ) mice (Fig. 5) . Given that synapse elimination had not yet occurred, multiple (5-6) nerve terminals were seen lying adjacent to each muscle fiber (Fig. 5A,C 
Ϫ/Ϫ mice (5.59 Ϯ 3.1, n ϭ 162 nerve terminals, N ϭ 4 mice), similar to control (6.35 Ϯ 2.98, n ϭ 165 nerve terminals, N ϭ 5 mice). Thus, for any given plane, a similar number of nerve terminals would be expected in controls versus mutant (Syb1
Ϫ/Ϫ ) mice. Both control and mutant nerve terminals contained an abundance of small, clear SVs (each with a diameter of 40 -50 nm) and well-defined basal laminae (Fig. 5 E, F ) . They differed markedly, however, in terms of SV density and synaptic contact length (Fig. 5 ). SVs were abundantly present in both control and mutant (Syb1
) NMJs (Fig. 5B,D) , but the number and density of SVs were markedly lower in Syb1 lew/lew
Ϫ/Ϫ NMJs compared with controls ( Table 2 ). The synaptic contact length along presynaptic nerve terminals was also significantly reduced in mutant (Syb1 lew/lew Syb2 Ϫ/Ϫ ) NMJs compared with controls, but the number of docked SVs was similar in both groups of mice (Table 2) .
By contrast, the mutant nerve terminals contained a considerably greater number of DCVs (large vesicles 60 -80 nm in diameter that contain a dense core) compared with controls (Table  2) . Among the 131 nerve terminals examined in control animals (N ϭ 5 mice), 87% contained no more than one DCV, 11% contained 2-3 DCVs, and ϳ2% contained Ն4 DCVs. By contrast, 24% of the nerve terminals in the Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs (n ϭ 129, N ϭ 4 mice) contained 2-3 DCVs and 12% contained Ն4 DCVs. Despite these differences, the overall fine structure of the NMJ was fairly well preserved in the mutant animals.
Synaptobrevin is required for evoked neurotransmission
We next performed electrophysiological studies of EPPs in postsynaptic diaphragm muscle cells in response to phrenic nerve activity. EPPs reflect the AP-and calcium-dependent release of neurotransmitters from presynaptic nerve terminals (Katz, 1969) . We found that suprathreshold stimulation of the nerve generated EPPs in controls and in mice lacking Syb1 (Syb1 lew/lew ) or Syb2 (Syb2 Ϫ/Ϫ ), but not in mice lacking both Syb1 and Syb2 (Syb1 lew/lew Syb2 Ϫ/Ϫ ) (Fig. 6A) . The average EPP amplitude in animals lacking Syb1 was similar to that in controls (13.37 Ϯ 1.33 mV vs 13.33 Ϯ 0.73 mV, respectively), but it was significantly reduced in mice lacking Syb2 compared with controls (9.43 Ϯ 0.97 mV, n ϭ 22 cells from 7 mice) ( p Ͻ 0.05), and completely blocked in animals lacking both Syb1 and Syb2 (n ϭ 65 cells from 11 mice) (Fig. 6B) . This finding suggests that either Syb1 or Syb2 must be present for evoked neurotransmission to occur in embryonic NMJs.
Synaptobrevin deficiency leads to an increase in spontaneous neurotransmitter release
Despite a total absence of EPP, spontaneous release of neurotransmitter, which appeared as mEPPs, was readily detected in Syb1 lew/lew Syb2 Ϫ/Ϫ mice (Figs. 7, 8 ). The mEPPs in both WT and Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs occurred stochastically; their frequencies (Fig. 8A) fitted to a Poisson distribution ( p Ͼ 0.05, 2 Goodness of Fit test), and their amplitudes (Fig. 8B ) and rise time (Fig.  8C) varied over a broad range. These features were similar to those previously reported in WT NMJs (Boyd and Martin, 1956; Liley, 1957; Hubbard and Schmidt, 1963; Gage and Hubbard, 1965; Rotshenker and Rahamimoff, 1970; Bennett and Pettigrew, 1974; Dennis et al., 1981) .
The mEPPs between control and synaptobrevin-deficient mice differed considerably, however, in terms of their frequency, which was markedly increased in both Syb2 Ϫ/Ϫ and Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs, increasing by Ͼ50% to 2.28 Ϯ 0.36 min Ϫ1 (n ϭ 63 cells from 12 mice) and by Ͼ500% to 5.94 Ϯ 0.54 min Ϫ1 (n ϭ 65 cells from 11 mice), respectively, compared with controls (0.89 Ϯ 0.12 min
Ϫ1
; n ϭ 55 cells from 10 mice) (Fig. 7B,E) . Furthermore, the mEPPs in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs exhibited a marked increase in amplitude and rise time (10%-90%) compared with controls. We analyzed a total of 190 mEPPs from control NMJs (n ϭ 55 cells, N ϭ 10 mice) and 996 mEPPs from 
Syb1 lew/lew Syb2
Ϫ/Ϫ NMJs (n ϭ 63 cells, N ϭ 11 mice) (Fig. 9 ). Scatter plots of mEPP amplitude against rise time show that the majority of mEPPs in control NMJs appeared within the bottom left corner of the graph (Fig. 9C) , indicating a uniformity in amplitude and rise time. Occasionally, a small number of mEPPs in control NMJs exhibited larger amplitude or slower rise time. Hence, we designated twice the average of mEPP amplitude (Ϸ6 mV) or rise time (Ϸ10 ms) as the criterion to distinguish large mEPPs, or slow mEPPs, respectively. By this criterion, there were 3.2% (6 of 190) large mEPPs and 4. 2% (8 of 190) (Fig. 9D) . The increased population of large or slow mEPPs in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs was also demonstrated as the "tail" to the right in histogram distribution of mEPP amplitude (Ͼ6 mV) (Fig. 8B ) or rise time (Ͼ10 ms) (Fig. 8C ).
Synaptobrevin confers Ca 2؉ sensitivity for spontaneous neurotransmitter release
It has previously been shown that spontaneous release at NMJs increases with an increase in extracellular [Ca 2ϩ ] o , either during a resting state (Boyd and Martin, 1956; Liley, 1956b; Hubbard, 1961; Hubbard et al., 1968; Losavio and Muchnik, 1997) or during membrane depolarization (i.e., in the presence of high potassium levels) (Liley, 1956a; Angleson and Betz, 2001 ] o : 0, 1, 2, and 4 mM) in Ringer's solution. We found that mEPP frequency increased with the calcium concentration ( Fig. 10A,B (Fig. 10A,B) . Similarly, the mEPP frequency in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs was insensitive to changes in calcium levels when the membrane was depolarized by a high concentration of potassium (40 mM) (Fig.  11A-C) . The same condition induced a massive increase in mEPP frequency in control and Syb1 lew/lew NMJs (Fig. 11B ). High potassium also led to a marked increase in mEPP frequency in Syb2 Ϫ/Ϫ NMJs, albeit not to the same extent as in controls or in Syb1 lew/lew mice (Fig. 11B) . Furthermore, mEPP frequency in control and Syb1 lew/lew NMJs was increased dramatically as the concentration of extracellular calcium increased (Fig. 11C) ; in contrast, the same condition only led to a moderate increase in mEPP frequency in Syb2 Ϫ/Ϫ NMJs (Fig. 11C ) and no effect in in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs (Fig. 11C) . Together, these data show that the spontaneous release in Syb1 lew/lew Syb2
NMJs was insensitive to extracellular calcium.
To determine whether spontaneous transmitter release at the NMJs in Syb1
Syb2
Ϫ/Ϫ mice occurs in response to changes to intracellular Ca 2ϩ levels, we equilibrated muscle samples (for 60 min) in calcium-free Ringer's solution containing both EGTA (1 mM) and cellpermeant calcium chelator BAPTA-AM (10 M). When normal Ringer's solution was replaced with this calcium-free Ringer's solution, EPPs were completely abolished in control, Syb1 lew/lew , Syb2 Ϫ/Ϫ , and Syb1 lew/lew Syb2 Ϫ/Ϫ mice (Fig. 12D ). Furthermore, mEPP frequencies (events/ min) decreased in control mice (from 0.99 Ϯ 0.13 to 0.32 Ϯ 0.04, n ϭ 28 cells, N ϭ 4 mice), in Syb1 lew/lew mice (from 1.20 Ϯ 0.14 to 0.38 Ϯ 0.05, n ϭ 25 cells, N ϭ 3 mice), and in Syb2 Ϫ/Ϫ mice (from 2.57 Ϯ 0.40 to 0.93 Ϯ 0.12, n ϭ 37 cells, N ϭ 5 mice) (Fig. 12C) . By contrast, mEPP frequencies in Syb1 lew/lew Syb2 Ϫ/Ϫ mice remained virtually unchanged (from 5.00 Ϯ 0.61 to 4.84 Ϯ 0.92, n ϭ 34 cells, N ϭ 4 mice) (Fig. 12C) . These electrophysiological findings demonstrate that spontaneous neurotransmission is sensitive to calcium and that calcium sensitivity is abolished in the absence of both Syb1 and Syb2.
Discussion
In the present study, we have investigated the role of the major neuronal vSNAREs (Syb1 and Syb2) in the formation and function of the NMJ in mice. NMJs are fully formed in double-mutant mice deficient in both Syb1 and Syb2 (Syb1 lew/lew Syb2 Ϫ/Ϫ ), indicating that neither Syb1 nor Syb2 is required for NMJ synaptogenesis. However, Syb1 and Syb2 are required for evoked neurotransmission because evoked synaptic transmission is completely blocked in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs. By contrast, spontaneous synaptic transmission not only persists but even increased in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs. Furthermore, spontaneous synaptic transmission that is normally highly Ca 2ϩ -sensitive became Ca 2ϩ -independent upon deletion of Syb1 and Syb2. These findings reveal distinct mechanisms for evoked and spontaneous neurotransmitter release, consistent with previous studies (Dei- Hua et al., 1998; Atasoy et al., 2008; Raingo et al., 2012; Ramirez et al., 2012) . Moreover, because spontaneous release becomes Ca 2ϩ -insensitive in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs, these findings suggest that synaptobrevin-based SNARE complexes perform a critical role in conferring the Ca 2ϩ sensitivity during spontaneous release.
The role of synaptobrevin in the development of the NMJ Our findings indicate that neither Syb1 nor Syb2 is required for the formation of NMJs, but rather for the normal maturation of NMJs. In the absence of both Syb1 and Syb2, the innervation territories and endplate sizes were markedly increased, and synaptic contact length was significantly reduced. This characteristic phenotype is similar to the phenotype reported for mice lacking choline acetyltransferase (which is the enzyme required for biosynthesis of the neurotransmitter ACh) (Misgeld et al., 2002; Brandon et al., 2003) , for mice lacking AChR ␣1 or AChR ␥ subunit (Liu et al., 2008; An et al., 2010) , for mice lacking L-type Ca 2ϩ channels (Ca v 1.1) (Powell et al., 1984; Rieger et al., 1984a, b; Chen et al., 2011) , and for mice lacking Ca 2ϩ influx through Ca v 1.1 and Ca 2ϩ release from sarcoplasmic reticulum (Kaplan et al., 2018) . The fact that mutations in these genes produce a similar phenotype suggests a common underlying pathway. The ultimate effect of these genetic mutations is the blockade of muscle activity, which suggests that a negative feedback mechanism mediated by muscle activity is involved in fine-tuning the development of the motor nerve terminals during normal NMJ synaptogenesis. In the absence of synaptic transmission at the NMJ, interruption of this negative feedback regulation causes hypertrophy of synaptic junctions, possibly via a mechanism akin to a homeostatic regulatory process.
The role of synaptobrevin in evoked neurotransmission
Our electrophysiological studies demonstrate that evoked neurotransmission at NMJs is completely blocked in the absence of synaptobrevin (i.e., in Syb1 lew/lew Syb2 Ϫ/Ϫ mutants, partially blocked in mice lacking Syb2 (Syb2 Ϫ/Ϫ ) only, and unaffected in mice lacking Syb1 (Syb1 lew/lew ) only. These results demonstrate that Syb2 is the major contributor for evoked neurotransmission at developing mouse NMJs, and that Syb1 and Syb2 perform an overlapping role in evoked neurotransmission. These findings are consistent with those of a previous report that the genetic deletion of Syb2 leads to a massive (Ͼ100-fold), but not complete, reduction in evoked neurotransmission at central (CNS) synapses (Schoch et al., 2001 ). The residual fusion activity in Syb2-deficient CNS synapses could reflect low levels of Syb1 (or other vesicular SNARE proteins) . A recent report demonstrated that Syb1 is present in a subpopulation of hippocampal neurons and that there is a slight reduction in the frequency of mEPSCs when Syb1 is knocked down in Syb2-null neurons (Zimmermann et al., 2014) . In vitro studies have shown that vesicle-axonal fusion requires only two synaptobrevin molecules (Sinha et al., 2011 ); therefore, a low level of Syb1 may still be sufficient for vesicle fusion to occur. We have previously shown that evoked neurotransmitter release is significantly reduced in Syb1 lew/lew postnatal mice (P14) . The apparent difference in physiological phenotype between embryonic and postnatal NMJs in Syb1 lew/lew mice is likely due to changes in the relative level of Syb1 expression in embryonic versus postnatal motor nerve terminals. Our data show that Syb1 is expressed at a low level during embryonic stages and its expression increases markedly at postnatal stage (Fig. 1D) . A similar switch of isoforms has been observed for synaptotagmins, where synaptotagmin-1 is the predominant isoform at birth but is completely replaced by synaptotagmin-2 during the first month of life in mice (Pang et al., 2006a,b) . Similarly, the difference in levels of Syb1 and Syb2 expression might explain the differences in the effect of their deletions on neuromuscular synaptic transmission. Syb2 is probably expressed in considerably greater amounts than Syb1 in embryonic mouse NMJs. Thus, the deletion of Syb1 alone in embryonic NMJs has only a negligible effect. By contrast, the deletion of Syb2 could have a considerable effect on evoked synaptic transmission. The presence of Syb1 is essential, however, because the absence of both Syb1 and Syb2 completely blocks evoked neurotransmitter release. These data suggest that a functional redundancy of Syb1 and Syb2 exists in developing NMJs, and, importantly, demonstrate that an optimal level of evoked neurotransmitter release in developing NMJs requires both Syb1 and Syb2.
The role of synaptobrevin in spontaneous release
We have shown that spontaneous neurotransmitter release persists, whereas evoked neurotransmitter release is completely abolished, in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs. This indicates that APtriggered, Ca 2ϩ -dependent vesicle fusion is completely blocked when both Syb1 and Syb2 are absent. Thus, the spontaneous release of neurotransmitters in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs must occur independently of Syb1 and Syb2. This conclusion is consistent with results from previous studies in which (1) spontaneous release persists at NMJs exposed to botulinum neurotoxin (Harris and Miledi, 1971; Spitzer, 1972; Boroff et al., 1974; Cull-Candy et al., 1976; Colméus et al., 1982; Hua et al., 1998) ; (2) genetic mutations in neuronal synaptobrevin (n-syb) in Drosophila resulted in persistent spontaneous synaptic transmission Sweeney et al., 1995; Deitcher et al., 1998) ; (3) genetic deletion of the t-SNARE protein Snap-25 blocked evoked, but not spontaneous, neurotransmitter release (Washbourne et al., 2002) ; (4) exocytosis in inner hair cell ribbon synapses was found to be insensitive to neurotoxins that cleave SNAREs and occurred in mutant mice deficient in SNAREs (Nouvian et al., 2011) ; (5) deletion of Syb2 from central synapses in mice largely abolished evoked release but did not block spontaneous release (Schoch et al., 2001 ); and (6) release could still be fully triggered in Syb2-deficient central synapses by a Ca 2ϩ ionophore that led to massive Ca 2ϩ influx in the terminals (Deák et al., 2009 ). The observation that spontaneous release occurred in the absence of both Syb1 and Syb2 suggests that these spontaneous release events may involve other mechanisms than those using the major neuronal SNARE proteins. One such possibility is that spontaneous release may be mediated by other SNARE proteins that are expressed at a low level (i.e., at a level undetectable by immunofluorescence; Fig. 1 ) but are nonetheless sufficient for spontaneous synaptic activity. For example, These proteins include Vti1a, a ubiquitous protein that has been shown to mediate spontaneous fusion in hippocampal synapses (Antonin et al., 2000; Ramirez et al., 2012) , VAMP4 (Raingo et al., 2012) , or VAMP7 (Hua et al., 2011; Bal et al., 2013) . Furthermore, it is also possible that spontaneous release of neurotransmitters may be mediated by VAMP3/cellubrevin, a SNARE protein that is broadly expressed in rodents (McMahon et al., 1993; Chilcote et al., 1995) and in humans (Bernstein and Whiteheart, 1999; Bock et al., 2001; Jahn and Scheller, 2006) , and is capable of rescuing synaptic transmission defects in Syb2-deficient neurons (Deák et al., 2006) .
In the absence of Syb1 and Syb2 (i.e., Syb1 lew/lew Syb2 Ϫ/Ϫ ), the frequency of spontaneous neurotransmitter release at NMJs is markedly increased compared with controls. Our data suggest that at least two factors may contribute to the increase in mEPP frequency in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs: (1) increased size of NMJs (Fig. 3) , and (2) increased number of NMJs per muscle fiber (Fig.  4) . Increases in either NMJ size or NMJ numbers may lead to increase mEPP frequency (Bennett and Pettigrew, 1974; Dennis et al., 1981) .
Furthermore, a considerable number of mEPPs in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs show unusual characteristics: they have a prolonged (slow) rise time with varied amplitudes. These mEPPs normally occur in WT NMJs at a low incidence (Liley, 1957) . Furthermore, they are insensitive to nerve terminal depolarization or calcium, reminiscent of the "giant mEPPs" previously reported in studies of the NMJs poisoned with botulinum neurotoxin (Harris and Miledi, 1971; Spitzer, 1972; Boroff et al., 1974; Cull-Candy et al., 1976; Colméus et al., 1982; Thesleff et al., 1983; Kim et al., 1984; Hua et al., 1998) , or the NMJs treated with 4-aminoquinoline Thesleff et al., 1983) or mefloquine (McArdle et al., 2006) .
The underlying mechanism of these giant mEPPs remains to be further elucidated. It has been previously suggested that giant mEPPs are generated by multiquantal unit (Liley, 1957) , or by a small pool of SV-like structures (Lupa et al., 1986) , or constitutive secretion (Sellin et al., 1996) . We consider the following possibilities that may lead to "giant mEPPs." First, the rise time of mEPPs could be reduced if morphological abnormalities disrupt the alignment of active zones on the nerve terminal and endplate clusters of AChRs. We have examined numerous electron micrographs of the NMJs. Occasionally, we did observe ectopic vesicle clusters (e.g., vesicles docked at sites not directly opposite to postsynaptic membrane. However, such an incidence was rare and very hard to quantify (varied dependent upon the plane of electron microscopy sections). Second, for very large mEPPs, which rise slowly, it is also possible the large volume of transmitter release just acts over a wider than normal endplate area, and so, causes asynchronous AChR activation. Third, it is common that mEPPs recorded from the same muscle fiber (i.e., at the same synaptic sites) appeared with a broad range of rise times (some fast and some slow). This is because embryonic NMJs are typically innervated by multiple nerve terminals. Thus, the mEPPs recorded from each muscle fiber resulted from spontaneous releases originated from various nerve terminals, with various distance to the recording electrode, which may produce various rise times and amplitudes. Since incidence of giant mEPPs in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs was massively increased, this suggests that Syb1 and Syb2 are involved in regulating the generation of giant mEPPs. In other words, the presence of Syb1/Syb2 may regulate the occurrences of giant mEPPs in WT NMJs.
In mammalian NMJs, the frequency of mEPPs positively correlates with extracellular [Ca 2ϩ ] (Boyd and Martin, 1956; Liley, 1956b; Hubbard et al., 1968) ; however, some mEPPs, although at markedly reduced frequency, could still be recorded in calciumfree solution, even in the presence of a chelating agent, such as EDTA and/or EGTA (Hubbard, 1961; Elmqvist and Feldman, 1965; Hubbard et al., 1968) . A Ca 2ϩ sensor(s) specific for spontaneous neurotransmission remains unknown. Emerging evidence suggests that multiple players, including synaptotagmins (Pang et al., 2006a; Maximov et al., 2007; Xu et al., 2009 ), Doc2 (Groffen et al., 2010; Pang et al., 2011), and complexins (Huntwork and Littleton, 2007; Maximov et al., 2009; Strenzke et al., 2009; Xue et al., 2009 Xue et al., , 2010 Yang et al., 2010; Hobson et al., 2011; Martin et al., 2011; Lai et al., 2014) , are involved in regulating spontaneous neurotransmission. In the absence of synaptotagmins, spontaneous release remains Ca 2ϩ -sensitive, albeit with a different Ca 2ϩ dependence . We show that spontaneous release is normally increased as the Ca 2ϩ concentration increases, and this Ca 2ϩ sensitivity is lost in Syb1 lew/lew Syb2 Ϫ/Ϫ NMJs). These findings suggest that Syb1 and Syb2 are required to confer Ca 2ϩ sensitivity during spontaneous neurotransmission, presumably because Syb1/Syb2-containing SNARE complexes interact with synaptotagmin Ca 2ϩ sensors during spontaneous neurotransmission.
